INTRODUCTION
============

Cataract surgery is both a therapeutic and refractive surgery for restoring normal sight. Multifocal intraocular lenses (IOLs) are designed to overcome the lack of accommodation by providing useful distance and near vision.[@B1],[@B2] Previous studies have confirmed the efficacy of different types of multifocal IOLs.[@B3],[@B4],[@B5] Despite improved visual performance after cataract surgery, some optical difficulties such as decreased contrast sensitivity, glare, and halos have been reported.[@B4],[@B5],[@B6] In these studies, measurements of visual acuity alone were not sufficient to explain the optical condition of multifocal IOL implanted eyes.

Contrast sensitivity, modulation transfer function (MTF), point spread function (PSF), and ocular aberrations have been used to evaluate optical quality after cataract surgery.[@B7],[@B8],[@B9],[@B10],[@B11] Ocular aberrations are well known parameters that could represent optical quality.[@B12] Wavefront analysis has been widely used to isolate the effects of lower order aberrations and higher order aberrations, and to evaluate the contributions of individual aberrations on optical quality.[@B13] With the development of new techniques and devices such as the double-pass system, optical quality can also be measured more precisely.[@B8],[@B14],[@B15],[@B16] The Optical Quality Analysis System (Visiometrics, Terrassa, Spain), a commercially available double-pass device, has been introduced to measure optical quality associated parameters objectively and accurately in clinical practice.[@B17] The double-pass technique is based on recording images from a point source of infrared light after reflection on the retina and a double pass through ocular media.[@B17],[@B18] The size and shape of this light spot are quantified by measuring the PSF.[@B17] Clinically, the double-pass system provides data on retinal image quality \[MTF cutoff frequency (MTF cutoff)\], Strehl ratio, intraocular scattering \[objective scatter index (OSI)\], and objective pseudo-accommodation. The value of MTF in the double-pass system is directly computed by Fourier transformation from the acquired double-pass retinal image.[@B17],[@B18] The double-pass system also allows objective measurement of the effect of ocular aberrations on optical quality of the human eye and evaluation of the quality and stability of the tear film in detecting mild symptoms of dry eye.[@B13],[@B19],[@B20]

Previous studies reported the impact of ocular aberrations on objective optical quality in monofocal IOL implanted eyes using the double-pass system.[@B13],[@B21] However, there were limited reports evaluating the impact in multifocal IOL implanted eyes using the double-pass system. Although there were some studies evaluating the optical quality parameters (PSF, MTF, and Sterhl ratio) measured with the double-pass system, they did not measured the value of the OSI and objective pseudo-accommodation.[@B8],[@B22]

The Hartmann-Shack technique was unreliable for measurements of ocular aberrations in diffractive multifocal IOL implanted eyes.[@B23],[@B24] The diffractive multifocal IOL is composed with a large number of Fresnel edges and a central 2 mm free Fresnel area. When using the Hartmann-Shack aberrometer, measurement error could occur when the reflected light arrives at the detector, which has limited resolution from the high wavefront aberration of a multifocal IOL. In contrast, the ray-tracing aberrometer obtains ocular aberrations using a position sensitive sensor to detect the displacement of a laser beam reflected from the retina. With the ray-tracing aberrometer, the projected light is scattered when passing through the multifocal IOL, but the reflected image is less affected. Because of this difference, the ray-tracing aberrometer could provide a more accurate ocular aberration measurement than the Hartmann-Shack type aberrometer in multifocal IOL implanted eyes.[@B25]

Therefore, in the present study we measured and investigated the correlations between optical quality parameters such as MTF cutoff, Strehl ratio, and objective pseudo-accommodation obtained from the double-pass system and ocular aberrations obtained from the ray-tracing aberrometer in multifocal IOL implanted eyes. The effect of ocular scatter on optical quality was evaluated. Optical parameters obtained from these two devices were compared with subjective visual acuity and manifested refraction values.

MATERIALS AND METHODS
=====================

This study included 20 eyes from 20 patients who underwent cataract surgery with multifocal IOLs (AcrySof IQ ReSTOR SN6AD1, Alcon, Inc., Fort Worth, TX, USA). All patients were treated at Yonsei University College of Medicine, Seoul, Korea. The same surgeon (T-I Kim) performed all the procedures. This study was approved retrospectively by the Institutional Review Board of Severance Hospital and conducted according to the Declaration of Helsinki and Good Clinical Practices. All patients signed documents of informed consent for tests and analysis of the results. The IOLs were selected to achieve emmetropia.

Inclusion criteria for patients were age (40 to 70 years of age) and patients who had undergone operations for senile cataract extraction and multifocal IOL implantation. Exclusion criteria included previous ocular or intraocular surgery, evidence of trauma on biomicroscopic examination, corneal opacity, fundus abnormalities, glaucoma, uveitis, amblyopia, systemic disease, posterior capsule rupture during surgery, IOL decentration \>0.5 mm, or corrected distance visual acuity (CDVA) worse than 0.1 logarithm of the minimum angle of resolution (logMAR) (20/25 or better on the Snellen chart), postoperatively. A Scheimpflug imaging system (Pentacam, OCULUS Optikgeräte GmbH, Wetzlar, Germany) was used to assess decentration after cataract surgery.[@B26] Any eye with concurrent disease that might influence optical or neural performance was excluded. When a patient underwent operations in both eyes, one eye was randomly selected to avoid correlation effects in statistical analyses. Randomization sequence was created using EXCEL 2007 (Microsoft, Redmond, WA, USA) using random block sizes of 2 and 4 by an independent staff member.

Postoperative evaluations were performed three months after cataract surgery. All patients were checked for uncorrected distance visual acuity (UCDVA), CDVA, manifested refraction values (sphere, cylinder, and spherical equivalent), objective optical quality, and by slit-lamp biomicroscopy

Objective evaluation of optical quality parameters was performed using the double-pass system. A dim light was maintained to assure at least a 4 mm natural pupil diameter. In our study, based on an unequal pupil configuration of the double-pass system, entrance pupil had a fixed diameter of 2 mm.[@B27] Measurements of optical quality were performed at a 4 mm pupil diameter (the exit pupil) without pharmacologic dilatation.[@B27] The double-pass system automatically compensated for a patient\'s spherical refractive error; however, cylinder error was not corrected by the machine. We corrected patients\' cylindrical error with a trial lens. For each parameter, the double-pass device took 6 measurements and calculated the mean of the measurements.

The first parameter was the MTF cutoff (cycles per degree, cpd). The MTF cutoff is the frequency at which the MTF reaches a value of 0.01. The second parameter was the Strehl ratio, which is the ratio of peak focal intensity in aberration versus an ideal PSF.[@B13] The Strehl ratio provides general information about the eye\'s optical quality. A value of 1 corresponds to a perfect zero-aberration optical system. The third double-pass parameter was the OSI. The OSI is defined as the ratio between the integrated light in the periphery and in the surroundings of the central peak of the double-pass image.[@B28] In the particular case of the instrument, the central area was selected as a circle of a radius of 1 minute of arc (MOA), and the peripheral zone was selected as a ring set between 12 and 20 MOA.[@B28] Objective pseudo-accommodation was the fourth parameter, which was calculated using the aberration PSF, the focus range at which the PSF of the defocus point is better than 50% of the maximum PSF.

Ocular aberrations were measured using the ray-tracing aberrometer (iTrace, Tracey Technologies, Houston, TX, USA) at a pupil size of 4 mm or more, without pharmacologic dilatation. Data were then recalculated at a 4 mm sized pupil for comparison with the double-pass system measurements.[@B29] The root mean square (RMS) total aberration, RMS higher-order aberration, and spherical aberration were measured. RMS higher-order aberration was analyzed up to the 6th order by expanding the set of Zernike polynomials.

To compare the MTF obtained from these two devices directly and easily, we manually measured spatial frequency when the MTF reached 10% of its maximum value (MTF~10~).

Statistical analysis
--------------------

LogMAR acuity values were used for statistical analysis of visual acuity. We analyzed the correlations between optical quality parameters (MTF cutoff, Strehl ratio, and objective pseudo-accommodation) obtained from the double-pass system and ocular aberrations (RMS total aberration, RMS higher-order aberration, and spherical aberration) obtained from the ray-tracing aberrometer. The effect of ocular scatter on optical quality was investigated using the OSI value obtained from the double-pass system. The correlations between the above mentioned parameters and other visual quality parameters (manifested refraction values, CDVA, and UCDVA) were determined. The correlations were evaluated using Spearman\'s correlation analysis. The Wilcoxon signed-rank test was used for comparisons of MTF~10~. Statistical analyses were performed using SAS software (version 9.2, SAS Institute, Inc., Cary, NC, USA). Differences were considered statistically significant for *p*\<0.05.

RESULTS
=======

Among the 20 patients, 10 (50.0%) were male and 10 (50.0%) female. Postoperative data are shown in [Table 1](#T1){ref-type="table"}. Spearman\'s correlation analysis showed significant negative correlation between the Strehl ratio and total aberration (r=-0.566, *p*=0.018) ([Table 2](#T2){ref-type="table"}). There were no other statistically significant correlations between optical quality parameters (MTF cutoff, Strehl ratio) and ocular aberrations (RMS total aberration, RMS higher-order aberration, and spherical aberration). Statistically, the OSI did not correlate with any optical quality parameters (MTF cutoff, Strehl ratio, and objective pseudo-accommodation) ([Table 2](#T2){ref-type="table"}). The mean objective pseudo-accommodation was 1.55±0.64 diopters (D), which did not correlate with any ocular aberrations ([Table 2](#T2){ref-type="table"}).

In terms of manifested refraction values (sphere, cylinder, and spherical equivalent) and subjective visual acuity, we did not find any correlations with MTF cutoff, Strehl ratio, and objective pseudo-accommodation ([Table 3](#T3){ref-type="table"}). There was no statistically significant correlation between ocular aberrations and manifested refraction values or subjective visual acuity ([Table 4](#T4){ref-type="table"}).

The MTF~10~ obtained from the double-pass system was 19.65±10.94, which is significantly smaller than that obtained from the ray-tracing aberrometer, 11.00±7.50 (*p*=0.005, Wilcoxon signed-rank test).

DISCUSSION
==========

In the present study, we analyzed the effects of ocular aberrations on objective optical quality parameters in multifocal IOL implanted eyes. We measured objective optical quality and ocular aberrations using the double-pass system and ray-tracing type aberrometer, respectively. Our results showed significant negative correlation between retinal image quality parameter (Strehl ratio) and total aberration.

The effect of ocular aberrations could be summarized as blurring of the retinal image.[@B21] Thus, ocular aberrations cause retinal image degradation, which is related to Strehl ratio. Unlike the MTF which represents contrast information, the Strehl ratio signifies the intensity of the image brightness.[@B30] We confirmed that the Strehl ratio was negatively correlated with total aberration, implying that ocular aberration may affect contrast and intensity of the brightness differently.

In recently published studies evaluating the effect of ocular aberrations on objective optical quality in monofocal IOL implanted eyes, Nochez, et al.[@B13],[@B21] reported inverse correlations between ocular aberrations (2nd order astigmatism, trefoil, and spherical aberration) obtained from the Hartmann-Shack aberrometer and MTF cutoff obtained from the double-pass system. The same group also reported that pseudo-accommodation range was positively correlated with spherical aberration in monofocal IOL implanted eyes.[@B13]

However, in the present study, MTF cutoff was not statistically correlated with any ocular aberrations. The difference between our study and the aforementioned study could originate from the unique design of the multifocal IOLs. Before the evaluation of ocular aberration and optical quality, the unique design of multifocal IOLs should be considered. Diffractive multifocal IOLs are designed to allow the visible light near the peak of the visual response curve to be split between the first order (near addition) and the zero order (no power addition). Therefore, the split will be progressively biased toward the first order for shorter wavelengths, and toward the zero order for longer wavelengths.[@B31] With the double-pass system, near infrared wavelength (780 nm) is used, whereas the ray-tracing aberrometer uses a laser with a wavelength of 632 nm. Because the double-pass system uses relatively long wavelength, most light energy will be directed into zero order (non-deviated) after diffraction by the diffractive multifocal IOL. A much smaller percentage of the infrared light will be diffracted in the first order compared with the ray-tracing aberrometer. Therefore, the effect of the diffraction at visible wavelengths in the first order will be significantly underestimated.[@B31] This underestimation could be the reason for poor correlation between ocular aberrations and optical quality parameters.

An alternative explanation is that the methodology for recalculating optical quality parameters and ocular aberrations with a 4 mm pupil could account for the difference between our study and other studies analyzed using a 6 mm pupil.[@B21] Pupil size has been reported to induce significant differences in the higher-order aberration in pseudophakic eyes.[@B32] Thus, the effect of the higher-order aberration measured under relatively small pupils on optical quality could be underestimated.

In this study, we did not find any significant correlations between parameters obtained from the double-pass system and CDVA. Poor correlations between optical quality parameters and CDVA imply that there should be a discrepancy between optical quality and visual acuity in multifocal IOL implanted eyes. It is apparent that visual acuity alone is not sufficient to evaluate postoperative optical quality in the multifocal IOL implanted eye. Thus, measuring parameters such as MTF, PSF, and Strehl ratio should be included when evaluating optical performance after cataract surgery with multifocal IOL implantation.

We also measured objective pseudo-accommodation using the double-pass system. According to one previous study, the accommodation range measured by the double-pass system decreased with increased age.[@B33] The accommodation range obtained from participants aged 46-55 years was 0.73±0.33 D, less than the average accommodation range of multifocal IOL implanted eyes, 1.55±0.64 D ([Table 1](#T1){ref-type="table"}). This result could demonstrate the near vision improvement of multifocal IOLs. Thus, we confirmed that multifocal IOLs could be used as a treatment option for the correction of presbyopia. In our study, we did not perform the functional analysis of bilateral implantation of multifocal IOLs. According to one study comparing the binocular function between unilateral and bilateral implantation of multifocal IOLs, bilateral implantation of multifocal IOL appeared to contribute to better stereopsis.[@B34] Thus, it will be worthy to measure and compare the optical quality parameters between unilateral and bilateral implantation of multifocal IOLs using the proper test device to evaluate both conditions.

The ray-tracing aberrometer was used in this study because it has the advantage of the larger dynamic range for measurement of accommodation compared with the Hartmann-Shack principle-based aberrometer.[@B35] It is well known that, in a patient\'s eye with a mild to severe amount of scatter, the Hartmann-Shack wavefront sensors might overestimate image quality.[@B14] According to our results, MTF~10~ obtained from the ray-tracing aberrometer showed an overestimation in image quality, compared with the double-pass system. The aberrometer estimates optical quality from aberration only, whereas the double-pass system provides estimates of optical quality from both aberration and scattering. Therefore, the aberrometer might fail to provide a correct estimation of the optical quality in multifocal IOL implanted eyes.

The limitation of this study was the relatively small sample size, which can limit the generality of the results. For this reason, statistical significance might have occurred by chance. Therefore, prospective large sample size studies should be conducted to verity our results.

In conclusion, the Strehl ratio, one of the optical quality parameters obtained from the double-pass system, was correlated with total aberration in multifocal IOL implanted eyes. We also reported a larger objective pseudo-accommodation compared to the normal population. Further studies to provide an accurate technique for the measurements of ocular aberrations and other optical qualities in multifocal IOL implanted eyes are mandatory.
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Postoperative Data
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CDVA, corrected distance visual acuity; logMAR, logarithm of the minimum angle of resolution; MTF, modulation transfer function; RMS, root mean square.
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Correlations between Parameters Obtained from the Double-Pass System (MTF Cutoff Frequency, Strehl Ratio, and Objective Pseudo-Accommodation) and Ocular Aberrations Obtained from the Ray-Tracing Aberrometer
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MTF, modulation transfer function; RMS, root mean square.

^\*^Significant *p*-value (*p*\<0.05 is considered statistically significant).

^†^*p*-value is from Spearman\'s correlation analysis.

^‡^Objective scatter index was measured from the double-pass system.
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Correlations between Parameters Obtained from the Double-Pass System (MTF Cutoff Frequency, Strehl Ratio, and Objective Pseudo-Accommodation) and Manifest Refraction Values or Subjective Visual Acuity
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MTF, modulation transfer function; logMAR, logarithm of the minimum angle of resolution; CDVA, corrected distance visual acuity; UCDVA, uncorrected distance visual acuity.

^\*^*p*-value is from Spearman\'s correlation analysis.
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Correlations between Parameters Obtained from the Ray-Tracing Aberrometer (RMS Total Aberration, RMS Higher-Order Aberration, and Spherical Aberration) and Manifest Refraction Values or Subjective Visual Acuity
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RMS, root mean square; logMAR, logarithm of the minimum angle of resolution; CDVA, corrected distance visual acuity; UCDVA, uncorrected distance visual acuity.

^\*^*p*-value is from Spearman\'s correlation analysis.
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